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Preface

Background

The Ozone Monitoring Instrument OMI is a Dutch-Finnish ozone monitoring instrument
that will fly on NASA’s Aura Mission, part of the Earth Observation System (EOS), scheduled
for launch in January 2004. OMI’s measurements of ozone columns and profiles, aerosols,
clouds, surface UV irradiance, and the trace gases NO,, SO,, HCHO, BrO, and OCIO fit well
into Aura’s mission goals to study the Earth’s atmosphere. OMI is a wide swath, nadir viewing,
near-UV and visible spectrograph which draws heavily on European experience in atmospheric
research instruments such as GOME (on ERS-2), SCIAMACHY and GOMOS (both flying on
Envisat).

Purpose

The four OMI-EOS Algorithm Theoretical Basis Documents (ATBDs) present a detailed
picture of the instrument and the retrieval algorithms used to derive atmospheric information
from the instrument’s measurements. They will provide a clear understanding of the data-
products to the OMI scientists, to the Aura Science Team, and the atmospheric community at
large. Each chapter of the four ATBDs is written by the scientists responsible for the
development of the algorithms presented.

These ATBDs were presented to a group of expert reviewers recruited mainly from the
atmospheric research community outside of Aura. The results of the reviewer’s study, critiques
and recommendations were presented at the ATBD panel review on February 8" 2002. Overall,
the review was successful. All ATBDs, except the Level 1b ATBD, have been modified based
on the recommendations of the written reviews and the panel, which were very helpful in the
development of these documents. An updated level 1b ATBD is expected in the near future.

Contents

ATBD 1 contains a general description of the instrument and its measurement modes. In
addition, there is a presentation of the Level 0 to 1B algorithms that convert instrument counts to
calibrated radiances, ground and in-flight calibration, and the flight operations needed to collect
science data. It is critical that this is well understood by the developers of the higher level
processing, as they must know exactly what has been accounted for (and how), and what has not
been considered in the Level 0 to 1B processing.

ATBD 2 covers severa ozone products, which includes total ozone, profile ozone, and
tropospheric ozone. The capability to observe a continuous spectrum makes it possible to use a
DOAS (Differential Optical Absorption Spectroscopy) technique developed in connection with
GOME, flying on ERS-2 to derive total column ozone. At the same time, an improved version of
the TOMS total ozone column agorithm, developed and used successfully over 3 decades, will
be used on OMI data. Completing the group of four algorithms in this ATBD is a separate,
independent estimate of tropospheric column ozone, using an improved version of the
Tropospheric Ozone Residual (TOR) and cloud slicing methods developed for TOMS.
Following the recommendation of the review team, a chapter has been added which lays out the
way ahead towards combining the individual ozone algorithms into fewer, and ultimately a
single ozone “ super” algorithm.

ATBD 3 presentsretrieval algorithms for producing the aerosols, clouds, and surface UV
radiation products. Retrieval of aerosol optical thickness and aerosol type is presented. Aerosols
are of interest because they play an important role in tropospheric pollution and climate change.
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The cloud products include cloud top height and effective cloud fraction, both of which are
essential, for example, in retrieving the trace gas vertical columns accurately. Effective cloud
fraction is obtained by comparing measured reflectance with the expected reflectance from a
cloudless pixel and reflectance from a fully cloudy pixel with a Lambertian albedo of 0.8. Two
complementary algorithms are presented for cloud-top height (or pressure). One uses a DOAS
method, applied to the O,~O, absorption band around 477 nm, while the other uses the filling-in
of selected Fraunhofer lines in the range 352-398 nm due to rotational Raman scattering. Surface
UV irradiance is important because of its damaging effects on human health, and on terrestria
and aquatic ecosystems. OMI will extend the long, continuous record produced by TOMS, using
arefined algorithm based on the TOMS original.

ATBD 4 presents the retrieval algorithms for the “additional” trace gases that OMI will
be able to monitor: NO,, SO,, HCHO, BrO, and OCIO. These gases are of interest because of
their respective roles in stratospheric and tropospheric chemistry. Extensive experience with
GOME has produced spectra fitting techniques used in these newly developed retrieval
algorithms, each adapted to the specific characteristics of OMI and the particular molecule in
guestion.

Summary

The four OMI-EOS ATBDs present in detail how each of OMI’s data products are produced.
The data products described in the ATBD will make significant steps toward meeting the
objectives of the NASA’s Earth Science Enterprise. OMI data products will make important
contributions in addressing Aura’s scientific questions and will strengthen and compliment the
atmospheric data products by the TES, ML S and HIRDL S instruments.

P.F. Levelt (KNMI, The Netherlands) Principal Investigator
G.H.J. van den Oord (KNMI, The Netherlands) Deputy PI

E. Hilsenrath (NASA/GSFC, USA) Co-PI

G.W Leppelmeier (FMI, Finland) Co-PI

P.K. Bhartia(NASA/GSFC, USA) USST Leader
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1. Introduction

Pawan K Bhartia
NASA Goddard Space Flight Center, Greenbelt, Maryland, USA

1.1. Overview

This document describes the theoretical basis of the OMI ozone product algorithms. We
propose to develop 3 separate ozone products from OMI: Total column ozone, ozone vertical
profile, and tropospheric column ozone. We propose two independent total ozone algorithms-
one developed at NASA/GSFC the other at KNMI/Netherlands.

The NASA algorithm is an enhanced version of the TOMS Version 8 (V8) agorithm,
which is currently under development. V8 is the most recent version of the buv total ozone
algorithms that have undergone 3 decades of progressive refinement. Its predecessor, V7,
developed about 6 years ago, has been used to produce the acclaimed TOMS total ozone time-
series. V8 will correct several small errorsin V7 that were discovered by extensive error studies
using radiative transfer models and by comparison with ground-based instruments. TOMS V8
uses only two wavelengths (317.5 and 331.2 nm) to derive total ozone. Other 4 TOMS
wavelengths are used for diagnostics and error correction. Experience with TOMS suggests that
the algorithm is capable of producing total ozone with rms error of about 2%, though these errors
are not necessarily randomly distributed over the globe. The errors typically increase with solar
zenith angle and in presence of heavy aerosol loading. Since V8 will be used to reprocess all
SBUV and TOMS total ozone data taken since April 1970, we propose to apply it to OMI to
ensure continuity of this unique data record. This agorithm will remain in operation until a
demonstrably better algorithm using the enhanced capabilities of OMI is developed and the
differences between the new algorithm and V8 are well understood.

The KNMI total ozone agorithm is based on the Differential Optical Absorption
Spectroscopy (DOAS) that has been widely used to measure trace gases from ground. It has been
applied successfully to process data from the GOME instrument that is currently flying on the
ERS-2 satellite. Several groups, including KNMI, are using DOAS to estimate the total ozone
column from the GOME instrument. As the technique is most suitable for weakly-absorbing
trace gases, the ozone column is estimated from longer wavelengths than those used in the
TOMS agorithm. In principle, DOAS is less sensitive to disturbing effects by absorbing
aerosols, SO,, and calibration errors than the TOMS agorithm. However, the ozone column
derived from the operational DOAS algorithm shows systematic seasonal and latitudinal
differences when compared to ground-based measurements. The DOAS algorithm we describe in
this document uses a different spectral window to minimize Os; profile and atmospheric
temperature related errors.

The OMI profile algorithm is based on the maximum-likelihood estimation technique
(also called optimal estimation) that has become standard in the field. It will take advantage of
the hyperspectral capabilities of the OMI instrument to improve the vertical resolution of the
ozone profile below 20 km compared to those from the SBUV instruments that have flown on
NASA and NOAA satellites since 1970. It uses new approaches to calculate the required
Jacobians in an efficient manner and to correct for polarization effects. In principle, this
algorithm should be able to provide more accurate total Oz estimates than the two agorithms
discussed above, for it uses a broader range of OMI wavelengths that includes those that are used
for total ozone. The total Oz agorithms have some sensitivity to the ozone profile, particularly at
large solar zenith angles, which could be better accounted for using OMI-derived ozone profiles.
However, current implementation of the OMI profile algorithm is computationally slow, and
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does not include corrections for cloud and aerosol effects. Given the complexity of hyperspectral
profile retrieval algorithms and lack of operational experience with such algorithms, we think it
is prudent to devel op a separate total O3 algorithm.

Since the vertical resolution of the O3 profile derived from OMI is expected to be ~12 km
near the tropopause, it would be difficult for the algorithm to reliably separate tropospheric O
from the lower stratospheric Os, particularly in mid and high latitudes where the lower
stratosphere O3 has very large variability. Therefore, we propose to make a separate independent
estimate of tropospheric column ozone using an improved version of the Tropospheric Ozone
Residual (TOR) method developed for TOMS. In this algorithm one uses a high vertical
resolution Os-profiling instrument to determine the stratospheric ozone column, which is then
subtracted from total column ozone. EOS Aura has two instruments, HIRDLS and MLS, that are
designed to produce the stratospheric O3 profile at high vertical resolution. The TOR agorithm
will also use the “cloud dlicing” technique developed for TOMS, which is insensitive to
calibration but works best only in the tropics, to intercalibrate the various instruments.

This document is organized as follows. In the next section we provide an overview of key
properties of backscattered ultraviolet radiation in the wavelength range used to derive OMI
ozone products. The chapters following this introduction describe the theoretical basis of each of
the 4 algorithms that will be used to produce the 3 ozone products mentioned above. The
description includes error analysis, and a summary of the proposed validation plan. Finally, in
chapter 6 we discuss how the 3 total O3 algorithms discussed in this document could be merged
into a single agorithm.

1.2. Propertiesof Backscattered UV (BUV) Radiation

The OMI instrument measures the radiation backscattered by the Earth’s atmosphere and
surface in the wavelength range 270-500 nm. Though ozone has some absorption over this entire
wavelength range (Fig. 1-1), OMI
ozone products are derived using UV 10717 ‘ ‘ — .
wavelengths, shorter than 340 nm, ] :
where the absorption is significant
enough to permit reliable retrievals.
Longer wavelengths are used for the
retrieval  of aerosol and cloud
properties and for the estimation of
column amounts of several trace gases

10718

10—19

10720 . 3

Absorption Cross—section (cm™)

(OCIO, BrO, HCHO, NO,). These are & 1072" -
discussed in other OMI ATBDs. In the ] / i
following sub-sections we summarize 10722~ — e 2
key properties of the buv radiation in DR HR0 400 25 =h

Wavelength (nm)

the 270-340 nm wavelength range that
form the basis for the agorithms Figurel-1: O;Absorption Spectrumat OMI Wavelengths
described in the subsequent chapters.

1.2.1. O3z Absorption

By multiplying the ozone cross-sections given in Fig. 1-1 with typical O3 column density
of 1x10" molecule/cm?, one gets the vertical absorption optical depth of the atmosphere, which
varies from 80 a 270 nm to 0.01 at 340 nm. Since 90% of this absorption occurs in the
stratosphere, little radiation reaches the troposphere at wavelengths shorter than 295 nm, hence
the radiation emanating from the earth at these wavelengths is unaffected by clouds, tropospheric
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aerosols, and the surface. Therefore, the
short wavelength buv radiation consists
primarily of Rayleigh-scattered radiation
from the molecular atmosphere, with small
contributions by scattering from strato-
spheric aerosols [Torres & Bhartia, 1995],
polar stratospheric clouds (PSC) [Torres et
al., 1992], polar mesospheric clouds (PMC)
[Thomas, 1984]; and emissions from NO
[McPeters,1989], Mg and other ionized
elements. Ozone absorption controls the
depth from which the Rayleigh-scattered
radiation emanates which, as shown in Fig.
1-2, occurs over a fairly broad region of the
atmosphere (roughly 16 km wide at the half ool et e
maximum point) defined by the radiance 0.00 0.02 0.04 0.06 0.08
contribution functions (RCF). As shown by 83 Contribution fn.

Bhartia et al. [1996], the magnitude the buv
radiation is proportional to the pressure at
which the contribution function peaks, which occurs roughly at an altitude where the slant ozone
absorption optical path is about one. This means that the basic information in the buv radiation is
about the ozone column density as a function of pressure.

Fig. 1-2 also shows that the RCF becomes extremely broad at around 305 nm with two
distinct peaks, one in the stratosphere the other in the troposphere. At longer wavelengths the
stratospheric peak subsides and the tropospheric peak grows. Since roughly 95% of the ozone
column is above the tropospheric peak, the radiation emanating from the troposphere essentially
senses the entire ozone column, while the radiation emanating from the stratosphere senses the
column above the RCF peak. Thus the longer wavelength OMI measurements (>310 nm) are
suitable for measuring total ozone, while the middle wavelengths (~300 nm), after correction for
the tropospheric component, provide information about the lower stratospheric ozone profile.

The magnitude of the buv radiation that emanates from the troposphere is determined by
molecular, cloud, and aerosol scattering, reflection from the surface, and absorption by aerosol
and other trace gases. In the following we provide basic information about each of these.

avs 90

" 288

298

10 F"

Pressure (hPa)
w
&
Approx. Altitude (km)

100

318

Figure 1-2: Radiance Contribution Functions

1.2.2. Molecular Scattering

In absence of clouds, Rayleigh scattering from the molecular atmosphere forms the
dominant component of the radiation measuredby
OMI in the 270-340 nm wavelength range. Using R .
the standard definition [Young, 1981], we define : g
Rayleigh scattering as consisting of conservative
scattering as well as non-conservative scattering,
the latter consisting primarily of rotational Raman
scattering (RRS) from O, and N, molecules ] i
[Kattawar et al., 1981, Chance & Spurr, 1997]. 00104
Though molecular scattering varies smoothly with ] g
wavelength, following the well-known |2 law

0.020 2
0.010 3 2

0.060 -

Fractional Change

70020 _: T T T T T T :_
RY0 280 290 300 310 320 330 340

(where a is 4.3 near 300 nm), RRS, which Wavelength (nm}
contributes ~3.5 % to the total scattering, Figure1-3: Fractional changein buv radiance due
introduces a complex structure in the buv to Ring Effect
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spectrum by filling-in (or depleting) structures in the atmospheric radiation, producing the so-
called Ring Effect [Grainger & Ring, 1962] (Fig. 1-3). The most prominent structures in buv
radiation are those due to solar Fraunhofer lines, however, structures produced by absorption by
ozone and other molecules (principally volcanic SO,) in the earth’s atmosphere are also altered
by RRS. (Vibrational Raman scattering from water molecules can also produce the Ring effect.
Though this effect is insignificant below 340 nm, it can be important at longer wavelengths.)
Radiative transfer codes have been developed recently [Joiner et al., 1995; Vountas et al., 1998;
Sourr, 2002] that calculate the effect of gaseous absorption, surface reflection and multiple
scattering on the Ring signal. A key results of these models is that below 340 nm the RRS
filling-in varies significantly with slant ozone column. It is necessary to account for this effect to
keep radiative transfer errors in deriving total O3 to <1%. Smaller but significant variations are
caused by surface albedo, aerosols and clouds [Joiner & Bhartia, 1995] No current algorlthm
accounts for these effects adequately though the .+ 2
errorsin deriving total O; are likely to be small. 0.5 nm bandpass

1.2.3. Trace Gas Absorption

Besides O;, SO, can produce strong
absorption in the 270-340 nm band. Fig. 1-4 shows
that a some wavelengths, a molecule of SO, can
have 4 times stronger absorption than a molecule of
Os. However, the background vertica column g
density (VCD) of SO, in the atmosphere is very 500 410 320 430 410
small (less than 0.1% of ozone), and most of it isthe Wavelength (nm)
boundary layer where, because of shielding by
molecular scattering, the absorption by a molecule of
SO, reduces by a factor of 5-10 from that shown in
Fig. 1-4. For this reason, even localized enhancements of boundary layer SO, due to industrial
emission, which can increase VCDs by a factor of 10 or more, are difficult to detect in the buv
radiance. However, episodic injection of SO, by volcanic eruptions can produce VCDs from
10% of total ozone to more than twice the total ozone [Krueger, 1983; McPeters et al., 1984],
thus greatly perturbing the buv radiances.

As shown in Fig. 1-5, on a per molecule basis, NO, has a much stronger absorption
absorption than Oz at wavelengths longer than 310 nm. However, the VCD of NO, in the
atmosphere is about 3000 times smaller than Oz, so the NO, absorption becomes important only
at wavelengths longer than 325 nm, where the NO, absorption exceeds 1% of the O3 absorption.
(Like SO, boundary layer NO, has 5 to 10 times
smaller effect.) 1000 § | | | | | 3

S0,/05 Abs. x—section

Figure1-4: Ratio of SO, to Osabsorption
Cross-section

1.2.4. Cloud Scattering

Clouds produce two important effects. First,
they alter the spectral dependence of the buv ] i
radiation. Though Mie scattering in the clouds is 10+
inherently wavelength independent in UV, the effect ] i
of clouds on buv radiation is strongly wavelength- N |
dependent. At longer wavelengths this is because in e
absence of clouds the upwelling radiation from the Vevelength (am)
atmosphere is strongly wavelength dependent due to
Rayleigh scattering. As the amount or thickness of Figure1l-5 Ratio of NO; to O absorption
clouds in a pixel increases, the spectral dependence cross-section

160 o 3

NO,/0q4
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of radiation is reduced, as seen in Fig 1-6. (The figure shows top-of-the-atmosphere reflectance
which is proportional to the upwelling radiation.) At shorter wavelengths ozone controls what
fraction of the radiation reaches the cloud altitude. Thus, while tropospherlc clouds have no
effect on buv radiation at | <295 nm, PSCs and 1407} o
PMCs do. At longer wavelengths, cloud effect
rapidly increases, becoming as large as 90% of the
total radiation at 335 nm when deep convective
clouds are present.

The second effect of the cloud is that it alters ] .
the absorption of buv radiation by ozone (as well as oo ] *‘, b
UV-absorbing aerosols, tropospheric NO,, and SO, ] B ‘
when they are present). Absorption below the cloud o0, | , , F
layer is reduced while the absorption inside and o2 o4 0.6 o8 10

380 nm TOA Reflectrance (pgan)

above the clouds is enhanced. These effects are Figure1-6:  Ratio of 340/380 TOA reflectance
complex: a function of cloud optical thickness, its vs. 380 reflectance observed by
geometrical thickness (which determines the amount TOMS

of absorbers inside the cloud), height and surface abedo, and, of course, wavelength and
observation geometry. Fortunately, these effects are usualy small, for there islittle Oz or SO, in
the troposphere, except in highly polluted conditions. However, thick PSCs and PMCs in the
upper atmosphere can introduce large errors [ Torres et al., 1992; Thomas, 1995].

AVG S7A= 45.1°

1.2.5. Aerosol Scattering

Though the effect of aerosol scattering on buv radiation is usually small compared to the
effect of clouds (with the exception of stratospheric aerosols produced after some volcanic
eruptions), this effect can be surprisingly complex [Torres et al., 1998] depending both on their
macrophysical properties (vertical distribution,
and optical depth) as wel as ther
microphysical properties (size distribution and
refractive index). Fig. 1-7 shows how 3
different aerosol types affect buv radiance at
the ozone-absorbing wavelengths. (Tropo-
spheric aerosols have little effect below 300
nm.). The solid line in Fig. 1-7 represents the [
case for most common type of aerosols found -5 ‘ ‘ ‘ -+
around the globe. These aerosols contain sea- %00 S0 ey 30

Wavelength (nm

Radiance change (%)

salt and sulfate and have low levels of soot.

Their effect on buv radiance is very similar to Figure1-7: Effect of aerosolson buv.radiances. (25°
that from low level clouds, so they usually solar ZA, nadir view, optical depth at 550
. . . . nm: 0.15, marine, aerosol: solid line,

require no special consideration. However, continental: dotted line, dust: dashed
aerosols that absorb UV radiation, eg., line)

continental aerosols containing soot (dotted

line), carbonaceous aerosols (smoke) produced by biomass burning (not shown), and mineral
dust (dashed line) from the deserts reduce the UV radiation passing through them, so they cause
the underlying surface (including clouds) to appear darker. If alayer of UV-absorbing aerosolsis
above a dark surface, the amount of radiation they absorb is strongly dependent on the layer
atitude, the higher the aerosol the larger the effect. Sometimes, it is assumed that the effect of
aerosols on buv radiation is a simple linear (or quadratic) function of wavelength. However, as
shown in Fig. 1-7, this assumption is not valid at wavelengths below 310 nm; even at longer
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wavelengths, a layer of thick aerosols can modify trace gas absorption, just like clouds, i.e., the
gaseous absorption above and inside the aerosol layer is enhanced while the absorption below
the layer is reduced. This effect must be taken into account for accurate retrievals in highly
polluted conditions.

A notable exception is stratospheric aerosol produced after high altitude volcanic
eruptions. Stratospheric aerosols of relatively small optical thickness (t~0.1) can markedly alter
the ozone absorption of the buv radiation [Bhartia et al., 1993, Torres & Bhartia, 1995; Torres
et al., 1995], increasing the absorption at some wavelengths, decreasing it at other wavelengths.
One needs accurate knowledge of the aerosol vertical distribution to account for these effects. It
is expected that such information would be available from the HIRDLS instrument on EOS
Aura

1.2.6. Surface Reflection

The reflectivity of the Earth’s surface in UV is usualy quite small [Eck et al., 1987,
Herman & Celarier, 1997]. Even over deserts, where the visible reflectivity can be quite high,
the UV reflectivity remains below 10%. It exceeds 10% only in presence of sea-glint, snow and
ice. More importantly, to the best of our knowledge, the UV reflectivity doesn’'t vary with
wavelength significantly enough to alter the spectral dependence of the buv radiation. An
important exception is the sea-glint. Since the reflectivity of the ocean, when viewed in the glint
(geometrical reflection) direction, is very different for direct and diffuse light (exceeding 100%
for direct when the ocean is calm, but only 5% for diffuse), in UV, where the ratio of diffuse to
direct radiation has a strong spectral dependence, the ocean appears “red”, i.e,, it gets brighter as
wavelength increases. The reflectivity of the ocean at any wavelength, as well as its spectral
dependence, is a strong function of wind speed, and of course, aerosol and cloud amount.
Accurate retrieval in presence of sea glint requires that one account for these complex effects.
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2. TOMSV8Total Oz Algorithm

Pawan K. Bhartia' & Charles W. Wellemeyer?
NASA Goddard Space Flight Center, Greenbelt, Maryland, USA
?Science Systems & Applications, Inc., Lanham, Maryland, USA

2.1. Oveview

The TOMS-VS8 tota ozone algorithm is the most recent version of a series of buv
(backscattered ultraviolet) total ozone algorithms that have been developed since the original
algorithm proposed by Dave and Mateer [1967], which was used to process Nimbus-4 BUV data
[Mateer et al., 1971]. These agorithms have been progressively refined [Klenk et al., 1982;
McPeters et al., 1996; Wellemeyer et al., 1997] with better understanding of UV radiation
transfer, internal consistency checks, and comparison with ground-based instruments. However,
al algorithm versions have made two key assumptions about the nature of the buv radiation that
have largely remained unchanged over all these years. First assumption is that the buv radiances
at wavelengths greater than 310 nm are primarily a function of total ozone amount, with only a
weak dependence on ozone profile that can be accounted for using a set of climatological
profiles. Second assumption is that arelatively simple radiative transfer model that treats clouds,
aerosols, and surfaces as Lambertian reflectors can account for most of the spectral dependence
of buv radiation, though corrections are required to handle specia situations. The recent
algorithm versions have incorporated procedures for identifying these specia situations, and
apply a semi-empirical correction, based on accurate radiative transfer models, to minimize the
errors that occur in these situations. The primary difference between the TOMS-V8 and its OMI
version would be that these diagnostics and correction procedures can be improved by taking
advantage of OMI’s hyperspectral capability. This will be particularly useful in identifying
instrumental errors, particularly slowly developing calibration drifts [Joiner & Bhartia, 1997].

In the following sections we will describe the forward model used to calcul ate the top-of-
the-atmosphere (TOA) reflectances, the inverse model used to derive total ozone from the
measured reflectances, a summary of errors, and the validation plan

2.2. Forward Modéd

The TOMS forward model, called TOMRAD, is based on successive iteration of the
auxiliary equation in the theory of radiative transfer developed by Dave [1964]. This elegant
solution accounts for all orders of scattering, as well as the effects of polarization, by considering
the full Stokes vector in obtaining the solution. Though the solution is limited to Rayleigh
scattering only and can only handle reflection by Lambertian surfaces, the original Dave code,
written more than 3 decades ago, is still one of the fastest radiative transfer codes that is
currently available to solve such problems. With the modifications that have been incorporated
into the code over the years, it is also one of the most accurate. The modifications include a
pseudo-spherical correction (in which the incoming and the outgoing radiation is corrected for
changing solar and satellite zenith angle due to Earth’s sphericity but the multiple scattering
takes place in plane parallel atmosphere), molecular anisotropy [Ahmad & Bhartia, 1995], and
rotational Raman scattering [Joiner et al., 1995]. Comparison with a full-spherical code indicates
that the pseudo-spherical correction is accurate to 88° solar zenith angle [Caudill et al., 1997].
The current version of the code can handle multiple molecular absorbers, and accounts for the
effect of atmospheric temperature on molecular absorption and of Earth’s gravity on the
Rayleigh optical depth. In the following we describe the various inputs and outputs of this code.
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2.2.1. Spectroscopic Constants

The Rayleigh scattering cross-sections and molecular anisotropy factor used are based on
Bates [1984], while the ozone cross-sections and their temperature coefficients are based on Bass
and Paur [1984]. The forward model also accounts for O,-O, absorption, which is based on
Greenblatt et al. [1990].
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Figure2-1: Total Os-dependent standard profile used for generating the radiance table. Left panel shows 3 low
latitude profiles (dotted lines) and 8 mid latitude profiles. Right panel shows the 10 high latitude
profiles.

2.2.2. Ozoneand Temperature Profiles

In genera, the buv radiation at any wavelength is a function of Oz and temperature
profile. Though at 317.5 nm, which is used to derive total O3 in the TOMS V8 agorithm, these
effects are usually quite small, they must be accounted for if high accuracy in deriving total Oz is
required. The empirical orthogonal analysis of the ozonesonde data [Wellemeyer et al., 1997]
shows that the largest variation in ozone profile occurs in the lower stratosphere (10-20 km), and
that these variations are highly correlated with total Os. By contrast, the tropospheric (0-10 km)
and upper stratospheric (20-40 km) O3 density shows weak correlation with total Os, but varies
with season and latitude. Recognizing this, the TOMS V8 algorithm uses a 3-dimensional dataset
of ozone profiles to compute total Oz, consisting of profiles that vary with total Os, latitude and
month. These profiles are constructed by combining two 2-dimensional datasets described
below.

The first dataset consists of 21 ozone profiles (called standard profiles) that vary with
total ozone and latitude. These profiles have been generated using ozonesonde data below 25 km
and SAGE satellite data above. These data are first integrated to obtain ozone amounts in ten
(~4.8 km thick) layers, equally spaced in logp with spacing of log2, extending from 1 atm
(1013.25 hPa) to 2° atm. (This smoothes out any high resolution structures that might occur
when there are not enough data points to average.) A top layer that extends to infinity is then
added by linear extrapolation of the logarithm of the ozone in the upper two layers with logp
(which amounts to assuming that the ratio of O3 to atmospheric scale height in the top layer is
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constant). The layer ozone values are binned two-dimensionally, in 50 DU total ozone bins, and
30° latitude bins, with data from both hemispheres combined, to get 3 profiles for low latitudes
(30S-30N) containing 225-325 DU, 8 for mid latitude (30-60) containing 225-575 DU, and 10
for high latitude (60-pole) containing 125-575 DU. The O3 partial pressure profiles reconstructed
from the layer ozone amounts are shown in Fig. 2-1. They capture the well-known features of the
ozone vertical distribution, that in a given latitude band the ozone peak and the O3 tropopause get
lower as total ozone increases, and for a given total ozone they get lower as one moves to higher
latitude. Empirical orthogonal function analysis shows that the standard profiles capture the first
two eigen functions of the ozone profile covariance matrix, and explain about 80% of the
variance of the layer Oz amounts [Wellemeyer et al., 1997]. The second dataset consists of more
traditional O3 and temperature profiles constructed by Logan, Labow & McPeters [unpublished)]
by binning ozonesonde and satellite datain 12 monthly and 18 latitude (each 10° wide) bins.

The 3-dimensional profiles are constructed by combining these two datasets in such a
way that in the part of the aamosphere where total O3 is a good predictor of O3 profile the first
dataset prevails while in the rest of the atmosphere the 2™ data set prevails. This results in 1512
profiles, 12n profiles in each of the 18 latitude bins, where nis 3 in low latitudes (30S-30N), 8 in
mid latitude (30°-60°), and 10 in high latitudes (60°-90°), containing the same total O3 as in the
first dataset. These profiles are dightly different in the two hemispheres, primarily due to
hemispherical asymmetry in the tropospheric Os.

Figure 2-2 shows scatter plots comparing layer ozone amounts measured by the Hohen-
peissenberg ozonesonde station with the 96 profile subset of the 3D profiles at that latitude. In
layers 2-4 the correlation between the two are ~85%. Table 2-1 shows the variation reduction
and residual standard deviation with this station and the SAGE satellite data at 50°N. The
residual standard deviation in al layersis less than 10 DU. Similar results are obtained at other
latitudes.
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Figure2-2: Comparison of the profiles uses by the TOMS V8 algorithm as a priori for total O; retrieval and the
data taken by the Hohenpei ssenberg ozonesonde station in Germany (47°N).
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Table2-1: Comparison of A Priori profileswith ozonesonde and SAGE
Layer | Layer midpoint | Hohenpeissenberg SAGE @50°N
No (~km) Variance | Residual | Variance Residual
reduction | std dev reduction std dev
(%0) (DY) (%0) (bu)
0 2.8 41 2.9 - -
1 7.7 42 3.8 - -
2 12.5 73 7.6 75 9.7
3 17.0 74 7.4 83 8.9
4 21.3 73 6.0 77 6.4
5 25.8 24 55 29 5.3
6 304 42 35 35 4.3
7 35.2 - - 39 1.9
8 40.2 - - 28 1.0
9 45.5 - - 40 0.5

2.2.3. Radiance Computation

To minimize computer time, the TOA radiances are computed by interpolation and
adjustment of a pre-computed radiance table, which is created using the TOMRAD radiative
transfer code. This table consists of 5 variables: g, 11, 12, Ir and S, Using these 5 variables one
can calculate the TOA radiance |, using the following formula:

Rz (0.
1- RS,

where, the first three terms together constitute the purely atmospheric component of the radiance,
unaffected by the surface. This component, which we will refer to as I,, is a function of solar
zenith angle qo, satellite zenith angle g, and f, the relative azimuth angle between the plane
containing the sun and local nadir at the viewing location and the plane containing the satellite
and local nadir. The last term provides the surface contribution, where, Rl is the once-reflected
radiance from a Lambertian surface of reflectivity R, and the factor (1-RS,)™ accounts for
multiple reflections between the surface and the overlying atmosphere. Note that this factor can
enhance the effect of absorbers that may be present just above a bright surface, e.g., tropospheric
ozone, 0O,-0,, UV-absorbing aerosols, and SO,. The tables are computed for 10 solar zenith
angles, 6 satellite zenith angles, and 4 surface pressures, which have been selected such that the
interpolation errors in the computed radiances are <0.1%.

Since TOMRAD calculates only the elastic scattering component of the TOA radiance, a
correction for the inelastic Rotational Raman scattering (RRS), discussed in Section 1.2.2, is
applied. The inelastic scattering fills-in any absorption lines that may be present in the incoming
radiation. Typically this consists of solar Fraunhofer lines, but absorption lines introduced by the
Earth’s atmosphere itself are also filled-in by RRS (telluric effect). The telluric filling-in, which
increases with the slant column of the molecular absorbers in the path of the radiation, is more
serious for it produces an apparent reduction in the molecular absorption that one wants to
measure. We use a radiative transf